This paper presents a monolithic chemical gas sensor system fabricated in industrial CMOS-technology combined with post-CMOS micromachining. The system comprises metal-oxide-covered (SnO 2 ) micro-hotplates and the necessary driving and signal-conditioning circuitry. The SnO 2 sensitive layer is operated at temperatures between 200 and 350 • C. The on-chip temperature controller regulates the temperature of the membrane up to 350 • C with a resolution of 0.5 • C. A special heater-design was developed in order to achieve membrane temperatures up to 350 • C with 5 V supply voltage. The heater design also ensures a homogeneous temperature distribution over the heated area of the hotplate (1-2% maximum temperature fluctuation). Temperature sensors, on-and off-membrane (near the circuitry), show an excellent thermal isolation between the heated membrane area and the circuitry-area on the bulk chip (chip temperature rises by max 6 • C at 350 • C membrane temperature). A logarithmic converter was included to measuring the SnO 2 resistance variation upon gas exposure over a range of four orders of magnitude. An Analog Hardware Description Language (AHDL) model of the membrane was developed to enable the simulations of the complete microsystem. Gas tests evidenced a detection limit below 1 ppm for carbon monoxide and below 100 ppm for methane.
Introduction
There is a strong interest in CMOS-based microsensors and, in particular, in micro-hotplate-based gas sensors, since miniaturization and the possibility of monolithic integration of transducer and circuitry offer significant advantages such as low power consumption, potentially low costs, and the possibility of applying new dynamic sensor operation modes.
Tin dioxide (SnO 2 ) is a widely used sensitive material for gas sensing in ambient air [1] . Tin dioxide is heated to temperatures between 200 and 350 • C and changes its conductivity upon gas exposure. To achieve such high operation temperatures with the lowest possible power consumption, micro-hotplate structures have been developed for metal oxide gas sensors during the past few years [2] [3] [4] [5] [6] [7] . A micro-hotplate consists of a thermally isolated area with a heater structure, a tem- * Corrresponding author. perature sensor and contact electrodes for the sensitive layer. Many micro-hotplates were termed "CMOScompatible", but only a few have been produced in standard CMOS processes [4, 5, [11] [12] [13] 15 ].
Micro-hotplate-based gas sensors systems were implemented in a multi-chip approach [8-10], i.e., the micro-hotplates were placed on one chip, and the necessary driving and signal conditioning circuitry was hosted by a separate Application Specific Integrated Circuit (ASIC). First versions of monolithic microhotplate-based gas sensors systems were demonstrated in refs. [11] [12] [13] . It was established that integrating micro-hotplates and the corresponding circuitry on the same substrate is feasible without over-heating the electronics. Additional features of the monolithic solution include low power consumption, low noise, reliable electrical signals, high yield, and low production costs as compared to a multi-chip approach. The integration of multiple gas sensors in sensor arrays, the use of multi-component analysis algorithms, such as principal component regression (PCR) or artificial neural networks (ANN), and the application of new dynamic sensor operation modes [14, 15] help to overcome the problems associated with poor selectivity and drift of individual gas sensors [16] .
In this paper we will give a detailed description of the monolithic chemical gas sensor, which was first reported on in [11] , and we will present an outlook to future developments. The paper is organized in five sections. The overall description of the monolithic gas sensor system is given in Section 2, where the membrane and circuitry will be described in detail. The modeling of the membrane using AHDL and the simulation results of the overall system will be presented in Section 3. Experimental results, including electrical and chemical measurements, will be shown in Section 4. Conclusions and a brief outlook will be given in Section 5. Figure 1 shows a micrograph of the microsensor system. The chip was fabricated using a standard doublepoly, double-metal, 0.8 µm CMOS-process as provided by [17] .
System Description

Membrane
The chip hosts a micro-hotplate (close-up in Fig. 2) , which is thermally isolated from the rest of the chip by placing it on a very thin membrane with low heat- conductivity. The membrane consists of the dielectric layers (silicon oxide/nitride) and features an additional N -well island (no connection to the bulk), which remains after applying a potassium-hydroxide (KOH) wet-etch with an electrochemical etch stop [18] . After wet etching, the SnO 2 sensitive layer is deposited on the membrane as a nanocrystalline thick film (crosssection in Fig. 3) .
The membrane is 500 by 500 µm in size with a heated area (micro-hotplate) of 300 by 300 µm. The heated area exhibits a 6 µm-thick N -well silicon island underneath for homogeneous heat distribution and membrane stiffening. The membrane features a polysilicon ring-heater, which provides symmetric heat generation and dissipation. Four resistive polysilicon temperature sensors (Fig. 2) are integrated on the membrane to monitor the heat distribution. The polysilicon temperature sensor located in the center of the membrane provides input for the temperature control circuitry. The experimentally assessed maximum temperature variation across the membrane is 1-2% up to 350 • C, and the membrane power efficiency is 4.8 • C/mW. A more detailed description of the design considerations of the microhotplate is given in reference [19] .
Circuitry
A schematic of the chip is shown in Fig. 4 as a block diagram. The circuitry can be grouped in three functional units: (i) Membrane temperature control loop, (ii) bulk
